The effective elastic modulus (E) of boron nitride nanotubes ͑BNNTs͒ was measured using the electric-field-induced resonance method inside a transmission electron microscope. The average value of E from the measurements of 18 individually cantilevered BNNTs was 722 GPa, comparable to the theoretical estimate of ϳ850 GPa. No strong variation of E with the diameter of the BNNTs, which spanned from 34 to 94 nm, was observed. Low quality factors ͑Ͻ680͒ obtained from the mechanical resonance is attributed to the layered structural nature of BNNT.
Boron nitride nanotubes ͑BNNTs͒, structurally similar to carbon nanotubes ͑CNTs͒, represent an important class of nanotube. Structurally, BNNTs grown by chemical vapor deposition at certain conditions show a preference for zigzag lattice formation; 1 electronically, they are wide band gap ͑ϳ5 eV͒ semiconductors, insensitive to chirality and diameter; and mechanically, 2 the theoretical estimate of the elastic modulus of BNNTs reaches up to ϳ850 GPa, about 0.8 times that of CNT. 3, 4 In addition, BNNTs are chemically inert, have a high temperature resistance to oxidation ͑ϳ900°C in air͒, and have a high unidirectional thermal conductivity. A recent theoretical study also predicts the existence of piezoelectricity in BNNTs due to the polar nature of the B-N chemical bond and the geometric phase involving quantum confinement effect. 5 BNNTs thus have a great potential to be unique electromechanical components in micro-and nanosystems.
Given the aforementioned properties, experimental study on the mechanics 6 and electronics 7 of BNNTs, however, is still lacking. The only reported mechanical measurement of BNNTs so far is from the study by Chopra and Zettl, 6 where the amplitude of thermally induced vibration of a cantilevered BNNT was examined at room temperature inside a transmission electron microscope ͑TEM͒. The elastic modulus of a single BNNT was estimated to be 1.22Ϯ0.24 TPa. 6 In a thermally excited vibration, every resonance mode of the structure provides weighted contributions to the resulting vibration according to the equipartition theorem for energy. 6 In this letter, we present a detailed study on the elastic modulus and resonance behavior of BNNTs through the measurement of a set of 18 individual BNNTs using an electricfield-induced resonance method inside TEM. First and second mode harmonic resonances of cantilevered BNNTs were induced, the resonance response curves were acquired, and the elastic modulus was deduced. The data was corroborated with curve fitting on the deflection contours of the resonances.
The electric-field-induced resonance method inside TEM, introduced by Poncharal et al. 8 for the study of the elastic modulus and work function of individual multiwalled CNTs, is based on the electromechanical coupling between an applied electric field and a CNT. In this method, a small ac sinusoidal signal superimposed on a dc bias is applied between a cantilevered nanotube and a counter electrode placed close to the nanotube. By tuning the frequency of the applied ac signal, a peak resonant vibration of the nanotube can be induced when the frequency of the ac signal matches the mechanical resonance frequency of the nanotube. The effective elastic modulus E is obtained based on the classic beam mechanics: 8, 9 Eϭ
where d 1 is the outer diameter, d 2 is the inner diameter, L is the cantilever length of the nanotube, ␤ i is a constant determined by boundary conditions, and f i is the resonance frequency for the harmonic resonance mode i. For BNNT, the density of 2180 kg/m 3 is used, according to the density of hexagonal-BN. 10 In our experiment, a JOEL-2010 TEM sample holder was retrofitted with a manipulator integrated with a quadruple-segmented piezoelectric tube. 11 High quality pure BNNTs grown by carbon-free chemical vapor deposition at 1100°C ͑Ref. 1͒, as shown in Fig. 1 acquired with a high resolution TEM, were selectively chosen and used for the measurement. A tungsten ͑W͒ probe having a tip radius of less than 200 nm was used as the counterelectrode. A sinusoidal ac signal was applied between the BNNT and the W probe. The ac signal was generated by a precision function generator ͑Fluke 6071A͒ with a frequency range of 200 kHz-1040 MHz and a frequency resolution of 1 Hz. a͒ Electronic mail: mfyu@uiuc.com APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 14 5 APRIL 2004 According to Eq. ͑1͒ the elastic modulus E is proportional to L 4 , which makes estimation of E extremely sensitive to the length measurement, especially for short nanotubes. As TEM acquires images by projection, in many cases the anchor point of the studied BNNTs is obscured by overhangs or other nanotube clusters. Three methods are used to guarantee an accurate determination of the anchor point, and thus the length of the studied BNNTs. First, for second mode harmonic resonance, the node is located at 0.783L from the anchor point according to classic beam mechanics. 9 Since the distance between the free end of the BNNT and the node is easily resolved in TEM, it is used to give a good estimate of the cantilevered length L of the BNNT. Second, for the BNNT which is slightly inclined with respect to the electron beam axis, it is bent around by the manipulation probe until a maximum length is projected in the TEM image, in which case the nanotube is aligned nearly perpendicular to the beam to provide a good estimate of the length. Third, we extrapolated the length by using a curve-fitting method from the deflection contour of the resonance based on Eq. ͑2͒, which gives the spatial displacement of the beam deflection at the resonance mode i:
where y is the deflection of the beam at distance x from the anchor point. For verifying the accuracy of this curve-fitting method, the curve fit was also applied for the nanotube in which its anchor point is clearly visible and its length can be determined exactly from the TEM image. Consistent results were obtained: For most nanotubes whose second mode harmonic resonance was induced, the curve fitting of this second mode gave a length estimate within 1%-2% of that from the curve fitting of the first mode, and of the actual length measured from the TEM image. An example is shown in Fig.  2 , where a cantilevered BNNT is induced into its first ͑at 1.13 MHz͒ and second ͑at 7.09 MHz͒ harmonic resonances. The f 2 / f 1 ratio thus obtained is 6.27, which matches the theoretical value of 6.25. Measured from Fig. 2͑c͒ , the node of the second mode harmonic resonance is found at 0.81L, which is very close to the theoretical value of 0.783L. 9 The elastic modulus estimated from the resonance frequency of this BNNT is 745 GPa. Shown as dash-dotted lines in Figs. 2͑b͒ and 2͑c͒ are the fitting curves based on Eq. ͑2͒ ͑the fitting curve is shifted to avoid masking the true contour of the resonance͒, which are almost identical to the respective contours of the acquired resonances in the TEM image.
An estimate of the quality factor (Q factor͒ for BNNTs can be obtained from its response curve. The Q factor is calculated according to Qϭ f r /⌬ f , where f r is the peak resonant frequency and ⌬ f is the half-width at halfmaximum of the resonance peak. Figure 3 shows one of the response curves acquired for a BNNT. The Q factor for this BNNT is 680, calculated according to the Lorentzian curve fit as shown in Fig. 3 . This Q factor value is close to that reported for CNT, indicating the existence of similar energy dissipation mechanisms in such tubular structures.
We have obtained the elastic modulus values for a set of 18 BNNTs based on the above-described method. The diameters of the measured BNNTs range from 34 to 94 nm, and the lengths from 3.09 to 11.65 m, the resulting first harmonic resonance frequencies vary from 0.91 to 9.47 MHz, Larger errors will occur for nanotubes having smaller diameters and shorter lengths. The measurement of frequency is accurate up to the order of a few Hz, so its contribution towards the error in E can be neglected. Figure 4 shows the distribution of the elastic modulus value E and its dependence on the outer diameter and the length of BNNT. No obvious dependence of E on the diameter and the length of BNNT was observed.
Several issues need to be considered to correctly understand the resonance method-based measurement of the elastic modulus E. Equation ͑1͒ is obtained by considering the resonance of an isotropic rod. In the case for multiwalled nanotubes, it should not hold true if the interlayer sliding is significant during resonance, since such a nanotube can then no longer be considered as a continuous entity, but rather as a group of nested tubes with different displacement constraints. Obviously, a decrease in its resonance frequency, and hence the deduced E from Eq. ͑1͒ for such a nanotube, should be expected from a simple mechanics analysis, as compared to the nanotube having the same dimensions but with a stronger interlayer binding strength. The sliding resistance in multiwalled CNTs has been found to be extremely small, where interlayer interactions are the weak van der Waals forces. 13 Another consequence of interlayer sliding would be an increase in energy dissipation during resonance, 14 which can account for the low Q factor. Poncharal et al. 8 argued in the measurement of the elastic modulus of CNTs that a rippling mode in large-diameter, thickwalled CNTs contributed to their observed decrease of E with the increase of CNT diameter. It is possible that the effect of the rippling mode for BNNTs may still exist, but it influences the measurement of E only in larger diameter BNNTs that fall outside the diameter range in our measurement. However, we observed that by increasing the amplitude of the driving ac signal, which in turn leads to the increased amplitude of the resonance, no obvious shift of the resonance frequency was observed. A similar observation was also reported for CNTs. 8 The observation is contrary to the norm that a larger amplitude oscillation should facilitate more ripple formation, which in turn should change the resonance behavior, especially the resonance frequency, of nanotube. More studies are needed to thoroughly understand the resonance behavior of such tubular nanostructures. 
